Abstract Optical emission spectroscopy (OES) was applied for plasma characterization during the erosion of asphaltene substrates. An amount of 100 mg of asphaltene was carefully applied to an electrode and exposed to air-plasma glow discharge at a pressure of 1.0 Torr. The plasma was generated in a stainless steel discharge chamber by an ac generator at a frequency of 60 Hz, output power of 50 W and a gas flow rate of 1.8 L/min. The electron temperature and ion density were estimated to be 2.15±0.11 eV and (1.24±0.05)×10
Introduction
Asphaltenes are molecular substances within the crude oil, along with resins, aromatic hydrocarbons, and saturated hydrocarbons [1] . They are primarily composed of carbon, hydrogen, nitrogen, oxygen and sulfur with traces of vanadium and nickel. The carbonto-hydrogen ratio is approximately 1:1.2 depending on the asphaltene source. They have been defined operationally as n-heptane insoluble, a toluene soluble component of carbonaceous material such as crude oil, bitumen or coal. Their chemical structure is difficult to ascertain, due to its complicated nature, but has been studied by all available techniques including X-ray diffraction, elemental analysis and pyrolysis gas chromatography (GC)-FID-GC-MS [1] . Furthermore, asphaltene rotational diffusion measurements show that small polycyclic aromatic hydrocarbon (PAH) chromophores (blue fluorescing) are in small asphaltene molecules while big PAH chromophores (red fluorescing) are in big molecules. This means that there is only one fused PAH ring system per molecule [1] . Asphaltenes were thought to be held in solution in oil by resins (similar structure and chemistry, but smaller) but recent data shows that this is inaccurate [2, 3] . Recently it was established that asphaltenes are nanocolloidally suspended in crude oil and in toluene solutions with a sufficient concentration [4, 5] . The nickelto-vanadium contents of asphaltenes reflect the pH-Eh conditions of the paleo-depositional environment of the source rock for oil [6] and this ratio is therefore in use in the petroleum industry for oil-oil correlation and for identification of potential source rocks for oil, in oil exploration.
Asphaltenes are of particular interest in the petroleum industry because of their tendency to aggregate, flocculate, precipitate and adsorb onto production equipment such as the pipelines in oil wells. In addition, asphaltenes impart high viscosity to crude oils, impacting negatively on oil production [7, 8] .
The arc discharge plasma method is a wellestablished advanced technique for material processing, which has been successfully applied for surface treatment and also applied to techniques such as cold plasma ashing, discharge cleaning, selective plasma etching, nanofabrication and plasma sterilization [9] . Plasma treatment is a promising technology which may be applied to solve the problems caused by asphaltene. However, high gas consumption can be a serious drawback. Thus, air plasma treatment can be done at low cost.
In this work, the feasibility of employing ac pulsed air plasma, a mixture of nitrogen-oxygen plasma, in asphaltenes to induce their erosion is explored. A microstructural characterization of the exposed asphaltenes by determining the particle size and morphology of the samples was also performed via X-ray diffraction (XRD). The main constituent elements and their relative content were determined by an energy dispersive X-ray spectrometry (EDX) system attached to a scanning electron microscope (SEM, Jeol JSM 6400). The results obtained from the plasma treatments and the characterization by optical emission spectroscopy (OES) are presented and discussed. This characterization procedure is very suitable for monitoring the asphaltene erosion during the sample treatment with air plasma glow discharge.
Experimental procedure
The experimental apparatus and technique to generate the pulsed plasma as recently reported [10, 11] are shown in Fig. 1 . A brief description is given below. The system consists of two stainless steel circular plane electrodes, with a thickness of 1 mm and a diameter of 30 mm. The electrodes were placed at the center of the reaction chamber with a gap spacing of 7 mm. An amount of 100 mg of asphaltene samples was carefully pressed into flake on the electrode and exposed to air plasma glow discharge. A continuous dynamic flow of air gas was introduced in the system through a Matheson flowmeter of model FM1000, with a flow rate of air gas of 1.8 L/min. The air gas was injected into the reaction chamber through the lateral flange. The same gas connection was used for the pressure sensor (MKS, Type 270 signal conditioner and 690A11TRC MKS Baratron). An ac discharge of 60 Hz was used to generate the plasma in air gas. A quartz window was installed on the right lateral flange through which glow discharges were monitored by plasma emission spectroscopy. In front of this quartz window, an optical fiber (Solarization-resistant UV and fiber diameter size of 400 µm) was connected to the entrance aperture of a Model HR2000CG-UV-NIR high-resolution Ocean Optics Inc. Spectrometer (101.6 mm focal length, 5 µm inlet and outlet slits, and 300 lines-mm −1 ) in a spectral region of 200 nm to 1100 nm at a resolution of about 0.35 nm (an OFLV-200-1100 order-sorting filter was installed to eliminate second-and third-order effects) with a Sony ILX511B linear silicon CCD array (2048 individual pixels with 14 µm × 200 µm pixel size and sensitivity of 75 photons/count at 400 nm). The low noise level, with a signal-to-noise ratio of 250 : 1 at full signal, of the CCD allows a long integration time, in a resolution time between 1 ms to 20 s, and therefore the detection of very low emission intensities. The wavelength accuracy of the spectrometer was calibrated using an argon source (Ocean Optics Inc.). The spectral data were obtained with an integration time of 10 s, which corresponds to 600 times the period of the pulsed voltage. The fiber optic was positioned to collect the emission light appearing on the asphalteneair plasma. The pulsed plasma was generated in an air gas environment at a pressure of 1.0 Torr, with a flow of 1.8 L/min. The discharge power supply was maintained at an output of 340 V (V D ) and a current (I D ) of 0.15 A (50 W), which was measured using a digital multimeter (DM2510, Tektronix). The temperature of the asphaltene sample was of 350 o C during its erosion in air plasma.
To avoid any contamination due to the deposition of the experimental apparatus, the entire chamber (window, electrodes, walls, wires) were cleaned before each experimental run and measurement. The base pressure of the plasma chamber with a volume of 6.3×10 −3 m 3 was 7.5×10 −3 Torr, measured with a Thermovac sensor TR211 connected to a Termovac TM20 digital controller, achieved using a mechanical pump (Trivac D10, Leybold Pump with a nominal pumping rate of 11.8 m 3 /h). With the present pressure conditions, the signal corresponding to the background pressure (water vapor, hydrogen, etc.) contribution was estimated to be in the order of 0.015%.
In order to observe the erosion of the asphaltene exposed to air plasma, an asphaltene sample was placed on one of the electrodes inside the discharge zone. Before exposing it to the plasma, the sample was kept under a vacuum condition of 7.5×10 −3 Torr. Since asphaltene has a vapor pressure, some material could evaporate. It was estimated that the amount of exposed asphaltene exhibited a maximum reduction of 10% during the exposure to the vacuum environment, which was considered in the measurements.
The asphaltene mass loss (m L ) was determined in a percentage of the sample, which is calculated according to m L = (∆m)100%/m 0 , where ∆m is the mass of asphaltene lost from the initial mass (m 0 ) during the plasma treatment. Mass measurements were carried out using a LECO 250 balance.
The double Langmuir probe is an intrusive method, i.e., it does not leave the plasma undisturbed and by inserting two electrodes, made of tungsten wire with a length of 4 mm long, and a radius of 0.5 mm [12] . The voltage difference applied to the probe was manually scanned from +30 V to −30 V and vice versa by a regulated dc power supply (EXTECH, Model 382213). The probe current was monitored by an electrometer (EM, Model E16). The scanning time for one I-V curve was 5 min to 10 min. The final I-V curve obtained was the results of an average of six data scans at each probe voltage, from which the electron temperature (T e ) and ion density (n i ) were measured. Due to the deposition or contamination of the probe tips, the total number of measurements for one probe was restricted to twelve.
Microstructural analysis was conducted through SEM observations performed in a microscope of JEOL JSM 6400 equipped with an Oxford EDX detector. Prior to any microstructural analysis the samples of asphaltene were vacuum dried and metal coated with aurum/protactinium. Particle size measurements were performed with the image analyzer software package Image PRO-PLUS measuring at least 600 particles in each time interval.
XRD measurements were made with a XRD diffractometer (Rigaku Dmax-2200), using a monochromatic high-intensity CuKα radiation (λ=1.542Å), operating at 36 kV and 30 mA, in a scanning range of 2θ of 5 o to 40 o . A scanning rate of 0.01% and a count time of 1.2 s/step were used. A asphaltene sample of 0.1 g was mounted on a dimpled quartz plate sample holder.
Results and discussion

Characterization of a glow AC discharge
The derivation of plasma parameters is based on a theoretical description of the double Langmuir probe current-voltage characterization. Usually, a distinction is made between the thin sheath limit (TSL) and the orbital motion limit (OML) regimes [13, 14] . In the TSL, the plasma sheath is characterized by the Debye length
with ε 0 the permittivity of free space, T e the electron temperature, n e the electron density, k the Boltzmann's constant, and e the electron charge. λ D is small compared to the probe dimensions. In this case, the probe current (I) as a function of voltage (V ) is given [13, 14] by
with the saturation current (I ∞ ) depending on ion density (n i ), electron temperature (T e ) and probe area (A) as follows:
The second derivate of Eq. (2) exhibits two extremes. They are separated by a voltage difference ∆V , which can be used to calculate the electron temperature T e [15] :
However, the probe is usually not working in TSL. Therefore the ion 'saturation' current would increase with the increase in voltage. Nevertheless, the electron temperature obtained by this method is still valid in the non-TLS regime, since an increase in the ion saturation current does not substantially change the location of the extreme in the second derivative. Thus in the worst case, a use of the TSL results for the OML would result in an error of about 5%.
The evaluation of T e and n i is made in the following way. First the probe characteristic curve is differentiated twice. The obtained current-voltage characteristic data is displayed in Fig. 2 . From the position of the extreme in the second derivative of the characteristic curve (dotted line in Fig. 2 ), the electron temperature is calculated [13∼15] . Then a theoretical curve is fitted to the entire measured experimental currentvoltage characteristic curve [13, 14] by adjusting only the ion density (n i ). This evaluation procedure gave an electron temperature of T e = (2.15 ± 0.11) eV and an ion density of n i = (1.24 ± 0.05) × 10 16 m −3 (using the ion mass as the nitrogen's). In this case, the Debye length of λ D =9.79×10 −2 mm is small compared to the probe radius of 1.0 mm, a condition that is called the transition region TSL. With a correlation coefficient of 0.987, Fig. 2 shows that the theoretical curve (solid line) agrees reasonably to the measured data. At the present condition and assuming a gas temperature of T g = 500 K, we have a gas density of n g ∼ 2×10 22 m −3 , which with n e ∼ 1.24×10 16 m −3 (assuming n i = n e ) gives an ionization degree of ∼ 6 × 10 −7 . The estimated error of the electron temperature and ion density measurements is 5% and 4%, respectively.
OES measurements
During the plasma processing of the asphaltene the OES system was adjusted to measure spectra every 5 min. The asphaltene sample was exposed to the air plasma at all the times. A typical OES measurement of asphaltene-air glow discharge plasma at several discharge moments is shown in Fig. 3. Fig. 3 represents the survey spectra collected during the plasma treatment every 5 min until 30 min. The OES spectrum after a few min (5 min) of plasma treatment for asphaltene is extremely poor. Identified species in the spectra in Fig. 3 are quoted [16] and listed in Table 1 . After 15 min of plasma treatment the OES spectrum is much richer, with the nitrogen second positive system, CH 4300Å system, NH 3360Å system, oxygen Shumann-Runge system, and N + 2 first negative system as the dominant molecular bands in the spectra. Apart from the bands described before, there is weak emission corresponding to the relaxation of the molecular bands of OH 3064Å system and CN Le Blanc's systems and the atomic lines of V and H γ . Fig.3 Emission spectra of asphaltene-air plasma Fig. 4 showed a temporal evolution of the molecular band intensities at particular spectral wavelengths for OH transition at 203.9 nm, CH transition at 315.7 nm, O 2 transition at 351.7 nm, N 2 transition at 357.7 nm, N + 2 transition at 391.4 nm and CN transition at 423.9 nm and the atomic line of V at 423.9 nm. The result shows that the intensities of all the bands and lines increase gradually for the first 10 min of plasma treatment, followed by a quick increase in the next 5 min and then reach their maximum level. Beyond this point the intensities decrease with the increase in treating time. This behavior suggests that the asphaltene sample was consumed producing the same products from the same reaction channels as the extension of discharge time. The erosion of the asphaltene sample was maximal at 10 min of the discharge time and then, due to the mass loss, the quantity of species formed in the plasma from the asphaltene decreases as the discharge time extends. N 2 ) . However, the experimental rate constants for electron impact dissociation at low energies of such plasma that may involve a large number of active species generated from asphaltene and air are not well established. They can however be predicted, in principle, if the energy dependent crosssections are known. Electron impact dissociation and ionization of these species are required in any chemical kinetic model. In such chemical kinetic models, it is also required to consider the neutral gas phase reactions as well as recombinations and photoreactions. Therefore, in the following section an attempt is made to give a qualitative explanation of the way in which the observed species were formed.
Under the conditions being considered, the emission spectrum of the asphaltene-air plasma consists of molecular bands of nitrogen, namely the second positive system (SPS) and the first negative system (FNS), and oxygen, namely the Schumann-Runge system. All the radiating species, N 2 , N + 2 and O 2 are excited by direct electron impact and then
The mechanism of air plasma-initiated erosion is caused by the interaction of electrons, N + 2 , N 2 , O 2 and energetic photons (generated in the air plasma) with the asphaltene surface (the molecular nature of the asphaltene has been the subject of several investigations, but due to the molecular complexity its structure has been difficult to define, so asphaltene has been defined by ASPH). They may be:
NH + (e, N 
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Eqs. (8)∼(13) illustrate the possible pathways that lead to the erosion of the asphaltene and the generation of the species observed in this experiment. These are molecules CN, CH, OH and NH, and atoms V and H. Under our experimental conditions, with a discharge power of 50 W, a discharge volume of 6.3×10 −3 m 3 and a working pressure of about 1.0 Torr, a low ionization degree (∼ 6 × 10 −7 ) was obtained in the plasma under study. As a consequence, the gas composition is dominated by the plasma precursors (N 2 and O 2 ) and only a low intensity of other compounds (CN, CH, OH, NH, V, and H γ ) coming from the asphaltene erosion are found in the OES spectrum, as shown in Fig. 3 .
Different mechanisms including gas-phase and surface reactions could be, in principle, responsible for the formation of the species observed. In the case of gasphase reactions, the binary neutral reactions involving air (N 2 + O 2 , N, O) and three-body interactions can be presented in the discharge and they depend on the relative concentration of the predominant species and their partial contribution as a third body. Reactions among two or three of the stable species involved in the discharge have not been considered, since their rate coefficients are many orders of magnitude lower than those reactions involving atoms. Then in the present case it was assumed that their contribution was minimum. Residual water molecules in the chamber give an irrelevant signal. Without asphaltene the glow discharge of air plasma exhibits only strong bands of N 2 and O 2 .
Finally, the interactions with the chamber wall can affect the populations of some species in low-pressure discharge. Such contributions become important at low pressures, when the ion mean free-path is not negligible as compared to the chamber radius [17] . In our case, the chamber radius (250 mm) is 8.3 times larger than that of the electrodes (30 mm). So a small contribution from the wall interactions to the OES spectra is expected.
The mass loss of asphaltene (m L ) was measured at different discharge times. A time evolution of the asphaltene mass loss (m L ) is shown in Fig. 5 . The final data for asphaltene mass loss obtained was the results of an average of 5 different experiments at each time. The asphaltene samples after each experiment were replaced for the purpose of analysis. With the extension of the discharge time in air plasma, the asphaltene mass was reduced gradually with an erosion rate of 1.58 mg/min during the first 45 min. At the discharge time between 60 min and 90 min, the mass loss became almost constant, which means that the erosion of the asphaltene was weak in that period of time. 
SEM, XRD observations and EDX measurements
The chemical compositions of the untreated asphaltene products were analyzed using two methods. The main constituent elements and their relative concentrations were determined by EDX spectroscopy. The analysis of the physical phases was carried out by XRD. Four elements (carbon, sulfur, oxygen and vanadium) were found in the asphaltene particles by the EDX analysis, as shown in Fig. 6 . A small peak of V appears with a log scale in the intensity, which indicates only as traces of it, this was also reported by CALEMMA et al [18, 19] . Other elements presented in the asphaltene such as nitrogen and hydrogen is not shown due to the experimental limitation of the technique used. It is conceivable that carbon in the asphaltene particles is very active and adsorptive so that when they were exposed in air they adsorbed sulfur, CO 2 and O 2 on the surface of the particle, and reacted intensely with oxygen in the air to form oxides, even at ambient temperatures. The X-ray diffraction patterns of the asphaltenes exposed for 20 min, 30 min and 90 min are shown in Fig. 7 , including the asphaltene in the as-received condition, with the same broad features as those reported in the literature [20] . The profiles contain two main peaks, a γ band at around 20 o and a 002 band at 25 o , being also referred to as the graphene band [20] . Both bands were generated by the aliphatic and aromatic portions of the samples, respectively. Also, it appears at around 45 o , which is often referred to as an indication of the graphitic sheets in graphite [20] and a weak evidence of a broad peak at approximately 2θ= 65 o is also observed in the sample exposed for 20 min. It can be observed that there are no very noticeable changes in the diffraction patterns with the extension of time. There is a decrease in intensity from the as-received asphaltene, a certain shift of the γ-band and the 001-band to lower angles as the time extends, but this tendency reverts at longer times, indicated in 90 min sample. Fig. 8 also shows a common result for the curve of the resolution applied. The X-ray powder diffraction patterns were smoothed using a smooth of five points and a noise level of one hundred on Powder X software, in the following step the background was subtracted. The previous patterns were deconvoluted using Gaussian profiles from the Origin software. The 2θ position, area and FWHM are reported. Finally, the structural parameters of clusters were calculated using the proposed model of YEN [21] . Final results are listed in Table 2 . Several crystalline parameters were deduced from the resolution curves in order to obtain quantitative information [21] . The three major bands γ, 002, and 100 positioned at approximately 2θ = 20 o , 25 o , and 44 o were used as the initial estimates with the parameters listed in Table 3 . In Table 3 , d m and d γ are the distances between aromatic layers and paraffinic chains, respectively, L a is the averaged layer diameter of the sheets, L c is the averaged size of the aromatic clusters perpendicular to the plane of the sheet, M is the number of aromatic sheets associated in a stacked cluster, R a is the averaged number of aromatic rings per aromatic sheet, f a is the aromaticity factor, C A is the total number of aromatic carbons per molecule, C AU are the aromatic carbons per structural unit, N is the number of aromatic structural units per molecule, L * a is the is the average layer diameter of the sheets without α carbons of side chains, and C * A is the total number of aromatic carbons per molecule without α carbons of side chains. In general all the parameters determined at each moment of time seem to be similar. With the increase in time the d m value for the three samples exhibits a slight differences of about 0.01Å showing an increment, while L c decreases from ∼31Å to ∼23Å, and the M value decreases from 9 to 7, except in the cases of 90 min. Apparently the changes in M are determined by changes in L c rather than d m . From L a , one can observe that the smaller the L a the larger the interlayer spacing, similar to previous observations [22] .
Calculated cluster's structural parameters (L a and L c ) from X-ray data allow us to observe that the sample in the plasma follows two different regimes. In the first, up to 30 min, the structural molecular parameters diminish, listed in Table 3 , with the exception of the aromaticity factor, which is responsible for the thermal desorption of volatile compounds with a low molecular weight, changing the molecular composition of the residue, without changes in the chemical structure.
Spectroscopic observations in the plasma can be attributed to the volatile fraction. In the second regime, after 30 min, the changes in the parameters are attributed to chemical changes that occur in the asphaltene residue, increasing relatively the size of clusters. The evolution in particle size of the asphaltene as the result of the exposure to the air plasma and the induced heating is shown in Fig. 9 . It can be seen that the size rises from an initial growth that evolves exponentially of about 31 µm (zero time, see Fig. 10(a) ), up to 2307 µm at 60 min. Between 30 min to 45 min there is an accelerated growth from 100 µm up to 208 µm shown in Fig. 10(b) , which consists mainly of only fully dispersed particles. At 60 min the appearance of larger flocks or agglomerates of a certain size accompanied by dispersed particles shown in Fig. 10(c) , establish a remarkable increment in the averaged particle size of 2307 µm. Presumably due to a fragmentation process of the larger flocks after 60 min and up to 90 min of exposure time (see Fig. 10(c) and (d) ), the reduction in particle size appears, and a steady state of averaged particle size is established, and even a significant behavior is observed at 480 min. The growth of the particles and/or aggregates occurs over a size range, provoking the formation of aggregates up to the formation of flocks. Their fragmentation was reported [23, 24] to form small fragments or primary particles by erosion and splitting. It is clearly shown in the present case that the appearance of shearing type fragments from differences in pressure imposes sufficient stresses on the interlayer structure, which results in the self-fracture phenomenon. 
Conclusions
The main results of the present work can be summarized as follows.
The plasma parameters obtained were the electron temperature of T e = (2.15±0.11) eV and the ion density of n i =(1.24×0.05)×10
16 m −3 .
The emission spectroscopy measurements of the asphaltene exposed to the air plasma showed strong emission molecular bands from N 2 , N + 2 , OH, CH, NH, O 2 and CN, and atomic light emission from V and H γ , which were used to monitor the evolution of asphaltene erosion. This was found to be a reliable tool for monitoring the asphaltene erosion process.
The time evolution of the emission intensity suggests that the asphaltene sample was consumed producing the same products from the same reaction channels as the discharge time extended. Thus, the evolution of ions and molecules during the erosion process in air plasma is similar for all species.
The mass loss of asphaltene samples was detected up to 45 min of treating time. The asphaltene mass was reduced gradually with an erosion rate of 1.58 mg/min during the first 45 min.
The asphaltene chemical composition evaluated from EDX spectra was almost constant during the air plasma exposure process. Two main peaks were found by X-ray diffraction analysis, the γ-band and a 002 band. The crystalline parameters were estimated from the resolution curves, showing slight differences among them during the temporal evolution. This means that the erosion process induces changes in the asphaltene layered structure dimensions mainly in L a and L c parameters. Thus this phenomenon must modify and impose sufficient stresses on the interlayer structure, and result in the self-fracture phenomenon.
The erosion process in air plasma causes the asphaltene particle to grow, with an temporal evolusion of particle size, ranging from 30 µm to 2300 µm, until the coarsening process is inhibited due to the self-fracture phenomenon. This difference is ascribed to agglomeration.
Further high emission spectroscopy techniques will be performed to study asphaltene-plasma interaction with other gases like O 2 , CO 2 , Ar to complete the present study.
